INTRODUCTION
============

Genome-wide expression profiling is routinely used for genome annotation and for identifying transcripts that are differentially expressed under specific environmental conditions or in specific tissues at different times in development. DNA microarrays ([@B1],[@B2]) or Serial Analysis of Gene Expression, SAGE ([@B3]) measure the expression levels of thousands of genes in a single experiment. However, detection and quantitation of rare transcripts has been a particular challenge ([@B4; @B5; @B6]). To the advantage of the SAGE platform, DNA microarrays analyze pools of mRNAs with a fixed number of oligonucleotide probes. SAGE is capable of detecting virtually any polyadenylated mRNA that contains a site for an anchoring enzyme, and even mRNAs lacking a polyA-tail if they have oligo-A stretches in their sequences.

Tag-seq ([@B7]) combines generation of short tag signatures for cellular transcripts with massively parallel sequencing. Transcript-derived tags are sequenced directly in an Illumina flow cell, rather than concatenated and cloned for serial sequencing ([@B7]). This provides a much more sensitive, cost-efficient alternative to conventional SAGE. Here, we present *Caenorhabditis elegans* Tag-seq data compared with previously generated SAGE data. Deeper sequencing not only allowed us to enhance the detection and quantitation of less abundant messages, but also reduced the costs by two-thirds. Lower cost allowed us to conduct replicate experiments to assess the reproducibility of our data. Hence, a major disadvantage of SAGE has been largely overcome.

In a similar study describing Polony Multiplex Analysis of Gene Expression (PMAGE), large-scale sequencing by ligation was used to enhance the SAGE protocol ([@B8]). Although PMAGE boosts the number of tags (up to 5 million cDNA sequences per run), Tag-seq surpasses it, allowing generation of up to 9-million tags per library (a SAGE library normally is sequenced to a depth of 100 000--200 000 tags). Recently, whole transcriptome shotgun sequencing, or WTSS, has been developed using random priming of cDNA to generate tags for Illumina sequencing ([@B9]). This approach provides better tag-to-gene mapping because of longer reads, and allows superior detection of alternatively spliced mRNAs because the tags are not constrained by cleavage at an NlaIII (CATG) restriction site. However, the WTSS data are not so readily comparable with existing SAGE data. The ease of such a comparison is a major benefit for the expression analysis reported here.

To directly compare Tag-seq and SAGE datasets, 13 of our Tag-seq libraries were prepared from the same RNA samples used earlier for preparation of SAGE libraries. We also compared the previous SAGE data for long-lived mutants with Tag-seq data generated from new RNA preparations from the same long-lived and wild-type strains. Finally, we analyzed Tag-seq data for negative-strand transcripts and alternatively spliced variants. Our results show that Tag-seq is a much more sensitive replacement for conventional SAGE.

MATERIALS AND METHODS
=====================

Strains, RNA preparation and library construction
-------------------------------------------------

For construction of Tag-seq libraries we extracted RNA from the following strains of *C. elegans*: the *daf-2(+)* strain*, fer-15(b26*ts*)*, a temperature-sensitive sterile mutant of *C. elegans*, the long-lived *daf-2*(−) mutant strain, *fer-15; daf-2(m41)*, wild-type N2 L1 larvae and N2 dauer larvae. The *daf-2* gene encodes the insulin/IGF-1 receptor, and reduction of insulin-like signaling extends mean and maximum life span ([@B10],[@B11]). The *fer-15* mutation was introduced to eliminate embryonically expressed transcripts from the expression profile of synchronously aging adults.

To collect starved L1 larvae, hypochlorite-purified eggs were hatched into M9 buffer and harvested after 48 h. Well-fed L1 larvae were harvested 8 h after hatching at 20°C. All animals were grown on agar plates (except for N2 starved L1 larvae). Synchronized adult populations were grown at 25°C, then harvested at times described previously ([@B12],[@B13]). Adults with normal life span (carrying the *fer-15* mutation) were harvested on the first and sixth days of adulthood. Long-lived *daf-2*(−) adults were harvested on the first, sixth and 10th day of adulthood.

We also constructed 13 Tag-seq libraries from the RNA preparations used earlier for SAGE libraries ([@B12],[@B13]). The young (2-day-old) dauer Tag-seq library was made from mRNA extracted from pheromone-induced dauer larvae. Pheromone extraction was performed as previously described ([@B14]).

Tag-seq libraries were constructed and sequenced according to the Standard Operating Procedures developed at the Michael Smith Genome Sciences Centre ([@B7]). The sequences of linkers and tags found only once (singletons) were removed. SAGE libraries were constructed from polyA+ RNA as previously described ([@B12],[@B15],[@B16]). Tags were mapped to *C. elegans* transcripts using the previously described virtual transcriptome ([@B17],[@B18]). The virtual transcriptome pipeline uses coordinate information of all annotated exons, introns and UTRs to assemble transcript sequences, which are later used for tag alignment. Mapping tags to the virtual transcriptome was used to analyze gene expression. The number of unmapped tags was determined by their failure to perfectly align to the *C. elegans* genome and transcriptome.

We used a method described by others ([@B19]) to test for potential microbial contamination of our Tag-seq libraries. A set of virtual SAGE tags extracted from several bacterial transcriptomes including *E. coli* was checked against the sequences of detected singletons and the matches were counted.

To analyze the distribution of frequencies for tags not matching the virtual *C. elegans* transcriptome, we isolated the fraction of highly abundant mismatched tags (\>1000 counts in a library). Using permutation analysis, we identified the tags that were single- or multiple-base mismatched derivatives of highly abundant 'parent' tags unambiguously matched to genes. Next, using permutation of parent sequences, we generated a virtual set of one- to five-base mismatched derivatives and scanned our data sets for the presence of such sequences. Sets of putative derivatives were filtered using Pearson correlation statistics, and the tags with expression profiles similar to that of 'parent' tags were used to build the distribution of the mismatch frequencies. We performed a similar analysis for linker sequences. [Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1) lists all SAGE and Tag-Seq libraries used in our study along with the number of tag species and singletons for each library. All the data used in this study are available via the multi-sage web interface at <http://elegans.bcgsc.bc.ca>.

Tools for gene annotation
-------------------------

We used the Gene Ontology (GO) database release of January 2008 for the analysis of expression data for genes related to functional categories. To annotate genes with GO terms we used Functional Annotation Clustering with DAVID ([@B20]). With classification stringency 'High' and Enrichment Score '2.0' was used as a threshold for significant enrichment. SAGE expression information for corresponding genes was stored locally in a mySQL database and accessed with Perl scripts using a DBI module. We also used other publicly available online tools, such as Genome Browser and Batch Genes on the Wormbase web site. All of our analyses (except human Taq-seq analysis) were done using data from Wormbase release 180, WS 180 ([www.wormbase.org](www.wormbase.org)). For human Tag-seq analysis we used gene annotations from Ensembl database ([@B21]). We used statistical package R (version 2.6.2) for statistical analysis.

Statistical filtering
---------------------

Six SAGE libraries and 12 matching Tag-seq libraries were used to extract the genes with expression pattern changes correlated with the long-lived phenotype. Prior to the analysis we normalized the total tags in all libraries to 100 000, then subjected the data to statistical analysis of the difference between expression values in the two longevity classes (long-lived *daf-2* and dauer versus normal life span). As before, we employed the Audic-Claverie test for direct comparisons of tag frequencies between libraries. This test was used to identify genes with significantly altered expression levels by estimation of the *P*-value (*P* in the text) for the comparison. The same statistical test was used to compare expression profiles in triplicate sets of libraries prepared from L1 and starved L1 larvae. We also used the Audic-Claverie test for comparison of replicates prepared either in liquid culture or on agar.

RESULTS
=======

Principal differences between SAGE and Tag-seq datasets
-------------------------------------------------------

Tag-seq improves the overall sensitivity of gene expression analysis, as compared to short SAGE (producing 10-base tags) or long SAGE (producing 17-base tags). Many more tag species are detected, and consequently a larger number of unambiguously mapped tags ([Figure 1](#F1){ref-type="fig"}A). Relative to SAGE, Tag-seq libraries had a significant increase in the number of tag species occurring just once (singletons, [Figure 1](#F1){ref-type="fig"}B). In fact, singletons comprised ∼90% of the tag species that could not be mapped to the transcriptome. Only ∼5% of them may be interpreted as single-base mismatched tags (present in a dataset because of sequencing errors) or tags arising from bacterial contamination (data not shown). We concluded that unmapped singletons are most probably multiple-base mismatched derivatives of tags corresponding to highly expressed transcripts (see below). We removed all singletons from our analyzed datasets. Figure 1.General features of Tag-Seq libraries. (**A**) Number of unambiguously mapped tags in libraries of three types (short SAGE, long SAGE and Tag-seq). (**B**) percentage of singletons in the same libraries. (**C**) Tag-seq data show a significant increase of tag abundance for a large fraction of genes having just one SAGE tag. Expression data were compared for genes identified in matching SAGE and Tag-seq libraries. The data were visualized using the R graphical function 'boxplot'. Shown are the median (dark line) and two nearest quartiles (area within boxes). All data points within the 1.5 inter-quartile range from the boxed area are located within the whiskers.

Tag-seq replicates of our previously generated SAGE libraries (same RNA preparation) allowed us to compare signal intensities for genes expressed in the same conditions but analyzed with different protocols. We mapped tags to genes using the *C. elegans* virtual transcriptome pipeline ([@B17],[@B18]) and compared expression profiles of matching SAGE and Tag-seq libraries ([Figure 1](#F1){ref-type="fig"}C). Analysis of 13 matching pairs of libraries showed that in each case ∼85% of the genes with a single SAGE tag had more than one tag in the matching Tag-seq library. The increased tag number is accompanied by higher tag counts for individual genes, as illustrated in [Figure 1](#F1){ref-type="fig"}C and [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1). However, signal amplification was the greatest for strongly expressed genes such as ribosomal proteins, and was more modest for tags mapped to weakly expressed genes, such as transcription regulators ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1)).

Some of the abundant tags were unambiguously aligned to the negative strand of predicted transcripts, indicating the presence of anti-sense RNA. Strong expression of anti-sense mRNAs encoded by mitochondrial genes ([Figure 2](#F2){ref-type="fig"}, [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1)) corroborated previous SAGE experiments ([@B16]). Although 95% of nuclear genes have CATG sites, seven of the 12 protein-encoding genes in the mitochondria lack such a site. For the five genes with tags, the Tag-seq data showed a positive correlation between the number of sense and anti-sense tags. In total, 40--80% of the total tags (on average) for the five mitochondrial genes were anti-sense. The adjacent genes MTCE.23 and MTCE.25 had the highest antisense/sense ratio (0.9 and 3.0, respectively, averaged over the 13 pairs of libraries), but there was no obvious correlation of anti-sense transcription with chromosomal position. We observed a similar ratio of anti-sense/sense tags for two of three RNA-coding mitochondrial genes, MTCE.7 (12s rRNA) and MTCE.8 (serine tRNA) with CATG sites. Surprisingly, anti-sense tags for MTCE.33 (16S rRNA) were much less abundant, comprising only ∼1% of total tags for this gene in the 13 pairs of libraries examined. We also observed a similar pattern of transcription for mitochondria in human Tag-seq libraries ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1)) using Tag-seq data from ([@B7]). Figure 2.Comparison of abundance for positive- and negative-strand tags originating from the same Nla III site for tags mapped to three classes of transcripts: Coding RNA, Mitochondrial Genes and Other RNA (non-coding, miRNA, etc.). Data shown for three types of experiment: SAGE, longSAGE and Tag-seq. Matching SAGE and Tag-seq libraries are framed with a dashed line. Abundances for negative and positive-strand tags shown on *x* and *y*-axes, correspondingly.

The subset of nuclear transcripts exhibiting anti-sense tags was not significantly enriched for any of the functional categories of genes described by gene ontology (GO) terms. Different libraries exhibited anti-sense RNAs for different nuclear-encoded genes, and in much smaller numbers than mitochondrial genes (a few hundred versus several thousand).

Reproducibility of Tag-seq data
-------------------------------

The majority of our Tag-seq libraries were prepared in duplicate using two independent RNA samples, whereas the libraries generated from feeding first-stage (L1) larvae and starved L1 larvae were prepared in triplicate. To assess the similarity between the L1 datasets, we applied Pearson statistics routinely used to measure the correlation between two independent variables. Tags were mapped to transcripts using only unambiguous mapping data. Replicate libraries showed a strong similarity both for L1 and starved L1 sets (Pearson correlation coefficient 0.8--0.9). In addition, we analyzed genes expressed differentially in fed versus starved L1 larvae using Audic--Claverie statistics. Filtered lists of genes with at least 2-fold changes in expression (*P* ≤ 0.05) were used to compare the differences between replicates. We plotted differences of tag abundance comparing starved L1 larvae and fed L1s using different combinations of replicate libraries. The analysis showed that most of the genes had similar differences in replicate comparisons ([Figure 3](#F3){ref-type="fig"}). In this analysis, we observed that 75--80% of the genes analyzed showed consistent changes in expression between replicates. We conclude that the Tag-seq protocol generated highly reproducible data. Figure 3.Comparison of fold differences between starved and fed L1 larvae for three replicate sets of Tag-seq libraries performed for different combinations of the libraries. Levels of gene expression are color-coded (blue color shows weakly expressed genes, green shows moderately expressed genes and yellow with red show strongly expressed genes). Fold-differences were calculated for replicate pairs of starved L1 and fed L1 larvae and plotted against each other.

Highly abundant unmapped tags
-----------------------------

Unmapped tags that match neither the *C. elegans* transcriptome nor the genome comprised the majority of Tag-seq species. Some of these unmapped tags were highly abundant (more than 1000 tags per library). In four Tag-seq libraries, the majority of them were linker-derived tags (including linker sequence and various single- or multiple-base mismatch derivatives). In the Tag-seq protocol, tags ligated inside a linker cassette were isolated by cutting the 85-bp band from a polyacrylamide gel. Linkers ligated to each other were found in faster migrating material (∼66 bp). Contamination of the analyzed cDNA fraction with DNA trailing from the empty linker band may explain the presence of linker-derived sequences in the dataset. Although linker sequences were often detected at some level (typically, 0.01--0.3% of all unmapped tags), several of our older RNA samples produced Tag-seq libraries with a large number of linker-derived tags (up to 20% of all tags in the most extreme case). Such contamination can be avoided by taking precautions to control mRNA quality, or by repeating the gel purification of the DNA tags inserted into the linker cassette.

Neither linker- nor gene-derived tags (data not shown) showed any distinct pattern of mismatches to the transcriptome. The mismatch frequencies for linker-derived sequences were similar to those reported in a study that used Illumina flow-cell technology for re-sequencing the *C. elegans* genome ([@B23]). Hence, we conclude that a major source of mismatched tags is most likely sequencing errors. However, it is possible that some of the linker-derived mismatch tags emerged from erroneous nucleotide incorporation at the step of linker synthesis. In the case of gene-derived sequences, the frequency of mismatches was higher than that for linker mismatches ([Supplementary Figures S4A and S4B](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1)). Some of these mismatches might result from reverse transcriptase errors at the step of cDNA synthesis.

Alternatively spliced variants
------------------------------

Almost all SAGE tags arise from the 3′-most restriction site for the tagging enzyme (usually it is NlaIII, which recognizes CATG). If two alternatively spliced or polyadenylated mRNA variants have different 3′-most CATG sites, it should be possible to estimate their relative expression from Tag-seq or SAGE data. To test this, we used tag-to-gene mapping data based on Wormbase release WS180 to identify 513 genes with at least one pair of alternative mRNA isoforms distinguishable by their 3′-most SAGE tags. We then examined tag abundance for the 513 genes using data from our 13 matching pairs of SAGE and Tag-seq libraries. Of 1108 predicted 10-base tag species mapped to these 513 genes, 696 were present (had at least one tag) in the SAGE subset, and 1050 of a total of 1535 predicted 17-base mapped tag species were present in the Tag-seq subset.

We quantified differences in abundance between shorter and longer isoforms for 68 genes using SAGE data and 415 genes using Tag-seq data ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1)A). These cases included only those genes with at least five tags or more in one of the analyzed libraries. There was preferential expression of one of the isoforms in 60% (SAGE) to 80% (Tag-seq) of analyzed cases ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1)B), and for many of the remaining genes there was a possible transcriptional switch in abundance from one isoform to the other in some libraries. We identified 15 of the latter cases in SAGE and 62 cases in the Tag-seq libraries, which demonstrates the greater sensitivity of Tag-seq ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1)C). Genes displaying such an expression pattern detected only by Tag-seq included *cye-11*, *aak-2, gei-17* and *dpy-31*, all required for normal development of *C. elegans*. (Full lists of genes showing this pattern of tag abundance is in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1)).

Transcript profiling of adult longevity with Tag-seq
----------------------------------------------------

Construction of multiple replicate libraries enables a much deeper analysis of transcription profiles for N2 dauer larvae and adult *daf-2(−)* long-lived mutants than we reported previously ([@B13]). Dauer larvae are specialized, long-lived third-stage larvae that are arrested in development. Mutations in the *daf-2* insulin/IGF1 receptor result in constitutive formation of dauer larvae. They also double adult life span. The evidence suggests that *daf-2(−)* mutant adults express longevity promoting genes that are normally expressed in the dauer stage. If longevity genes are controlled by similar pathways in adults and larvae, similarities in the expression profiles of the biologically distinct but long-lived larvae and adults should identify candidate genes for longevity ([@B13],[@B22]).

Similar to our previous study, we compared the expression data for synchronously aging *daf-2(−)* adults, *daf-2(+)* adults and N2 dauer larvae. We examined the overlap between identified genes in three groups of libraries, which were adults with normal life span, long-lived *daf-2(−)* adults and long-lived dauer larvae. These groups of libraries were assembled for (i) short, 10-base-tag SAGE libraries, (ii) matching Tag-seq replicates for which we used the same RNA samples used for short SAGE and (iii) a second replicate set of Tag-seq libraries (17-base tags) generated from new RNA samples. There was roughly a 2-fold increase in the total number of genes detected in both Tag-seq replicate sets, as compared to the original short SAGE libraries. Some of the *daf* and *ins* (insulin) genes are examples of genes previously missed in SAGE ([Supplementary Tables S2 and S3](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1)). The number of the genes shared by all three groups of libraries was also ∼2-fold higher in Tag-seq replicates ([Figure 4](#F4){ref-type="fig"}). As more genes were seen in each case, there was better overlap between experiments. Figure 4.Overlap between genes detected in three comparisons: original SAGE and two Tag-seq replicates (adults grown in liquid culture, Tag-seq01 and adults grown on plates, Tag-seq02). In each case, the normal subset consists of two *daf-2(+)* libraries, the *daf-2(−)* subset consists of three libraries and the dauer subset is represented by one Dauer library. The lower set of diagrams show the same data as percentages of total genes.

Our second set of replicate Tag-seq libraries (see 'Materials and methods' section) provided an opportunity to compare the transcription profiles of animals with the same genotype but grown in different conditions (liquid versus agar plate culture). We identified the genes for which the expression showed a statistical difference in either *daf-2(−)* adults or dauer larvae (when compared to the control with normal life span) in one of our replicate sets but not in the other. These genes may be primarily involved in adjustments to growth conditions unrelated to life span extension. Thus, the data allow us to distinguish between changes in gene expression associated with altered genotype or with altered environment.

We assembled lists of genes, the expression of which was consistently changed in long-lived worms according to the data from both replicate sets of Tag-seq libraries. The lists appear to show a strong biological relevance as we observed several 'signature' genes among those up-regulated in dauer larva replicates \[*cki-1*, *aak-2*, *daf-16* ([@B24])\] and *sod-3* \[a well-studied target of the *daf-16* transcription factor ([@B25])\] among the genes up-regulated in *daf-2(−)* adult replicates. Previously generated SAGE data did not provide enough sensitivity to detect all of these genes. Several *daf* genes (*daf-16* in particular) were not detectable when using SAGE protocol. About 50--60% of the genes in these lists had unknown or predicted function, opening the possibility that longevity may be affected by as yet uncharacterized pathways ([Supplementary Tables S4 and S5](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1)).

Using less stringent filtering, we analyzed enrichment in functional categories among the genes differentially expressed in long-lived *C. elegans.* We assembled the sets of transcripts that showed a significant (at least 2-fold, *P* ≤ 0.05) difference in tag abundance between normal and long-lived animals ([Figure 5](#F5){ref-type="fig"}, [Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1)). These sets were tested using the publicly available web program DAVID ([@B20]) for enrichment in functional categories described by GO terms ([@B26]). For the combined set of messages with reduced abundance in long-lived worms (grown either in liquid culture or on agar), the results showed enrichment of functions related to oxidative phosphorylation, TCA cycle-related genes, protein transport and positive regulation of body size. Among the genes for which transcription was down-regulated in long-lived adults grown in liquid culture but up-regulated in long-lived adults grown on plates, there was a significant enrichment of genes involved in protein ubiquitination, cellular protein catabolism, positive regulation of embryonic development and molting cycle ([Figure 5](#F5){ref-type="fig"}). The complementary gene sets \[genes up-regulated in *daf-2(−)* animals grown in both media and genes up-regulated in liquid culture but down-regulated on agar plates\] were much smaller. Figure 5.Media-biased differential expression in the long-lived *daf-2(−)* strain. Scatter plot shows global expression in adults testing different genotypes and growth conditions. Animals were grown in liquid culture (Rep1) or on agar plates (Rep2). Data (Folds Rep1 and Folds Rep2) are signal ratios from *daf-2(−)* versus *daf-2(+)* comparisons plotted for biological replicate experiments. Levels of gene expression are color-coded (blue color shows weakly expressed genes, green shows moderately expressed genes and yellow with red show strongly expressed genes). Also shown are the results of GO term enrichment analysis for genes up- or down-regulated in long-lived *daf-2(−)* adults (GO terms specifically enriched in only one of the four quadrant-defined groups of genes are shown in black font, terms enriched in more than one group are shown in gray font). The quadrants of the scatter plot correspond to (clockwise from upper left quadrant): (i) genes down-regulated in liquid culture but up-regulated in *daf-2(−)* animals grown on agar plates, (ii) genes up-regulated in *daf-2(−)* animals grown in both types of media, (iii) genes down-regulated in *daf-2(−)* animals grown on agar but up-regulated in liquid culture, (iv) genes down-regulated in *daf-2(−)* animals grown in both types of media.

DISCUSSION
==========

Gene expression profiling based on DNA sequencing greatly benefits from new technologies that provide deeper sequencing at lower cost. Tag-seq has increased sensitivity (number of detected genes) and accuracy (stronger, more reliable signal) as compared to SAGE. With Tag-seq data, we could assess the expression of genes previously undetected by SAGE. One example is *daf-16*, which was not detected in our SAGE libraries. Both 2-day-old dauer and 2-week old dauer Tag-seq libraries had 200+ tags for this gene, and data from other libraries also indicated strong expression for this and other *daf* genes. Abundance of the tags corresponding to some insulin genes also increased in Tag-seq libraries. These examples show that Tag-seq data significantly improves detection of rare transcripts that could not be reliably detected with SAGE. Strongly expressed genes may be detected with even greater confidence, as our analysis showed that relative to SAGE, amplification of tag abundance in Tag-seq is more profound for such functional categories as metabolic enzymes or structural proteins.

About 90% of all tag species in a Tag-seq library are singletons (tags seen only once in a data set), whereas our SAGE libraries had ∼60% singletons. As we found, only ∼5% of the singletons may be explained by single-base sequencing errors or by contamination with bacterial mRNA sequences (see 'Materials and Methods' section). The large number of Tag-seq tags allows the detection of both single- and multiple-base mismatch tags resulting from sequencing errors or spurious nucleotide incorporation at different stages of the experiment. Tag sequences derived from highly abundant 'parent' tags may contribute to the population of unmapped singletons. Analysis of a sample set of 69 highly expressed genes (which had \>1000 tags per library) revealed thousands of apparent derivatives, mostly singletons with two or three mismatched bases. Considering the fact that in some extreme cases of linker-contaminated libraries up to 20% of all tag species were linker-derived mismatches, we suggest that highly abundant tags are the main source of unmapped singletons, including their multiple-base mismatched derivatives. On average, our Tag-Seq libraries had a few hundreds tag species with \>1000 counts. We presume that this number of highly expressed parent tags may have enough derivatives to explain a large population of unmapped singletons.

We removed all singletons from our analysis, but if needed, it would be possible to reassign many of them to genes, by finding their highly abundant 'parent' tags. Assuming that the frequency of sequencing errors is constant, the frequency of low-abundance derivatives could be predicted and accounted for. As sequencing methods improve, the frequency of errors is declining, so we expect the number of unmapped singletons in future experiments to markedly decrease.

In a few libraries, contamination by linker sequences resulted in a large number of tags (including mismatched derivatives) that could not be mapped to genes. However, most of our libraries were almost free of the linker tag and its derivatives. Tag-seq libraries were generated using an RT polymerase lacking proofreading activity ([@B7]), so errors in reverse transcription may be a source of transcriptome mismatches. Our results indicate that errors during sequencing and cDNA synthesis are the main causes of erroneous data. Frequencies calculated for mismatched tags were higher for gene-derived tags than linker-derived tags, with the latter matching the previously reported numbers from a *C. elegans* genome re-sequencing study ([@B23]).

Tests of replicate well-fed L1 and starved L1 libraries using Pearson correlation statistics showed high similarities between replicate libraries (Pearson correlation coefficient 0.8--0.9). We used Audic--Claverie statistics to compose the lists of genes with significant changes in expression. The lists were used to produce a series of graphs visualizing similarities of fold differences obtained in comparisons of replicate L1 and starved L1 libraries ([Figure 3](#F3){ref-type="fig"}). The majority of the genes had similar fold differences, indicating a strong correlation of expression in replicate experiments. A small fraction (on average, 14%) of all plotted genes had different expression in parallel comparisons. They had lower fold differences and there was little overlap between the libraries compared. It is possible that many of these outliers may represent natural fluctuations in gene expression.

Our data show that with a few exceptions nuclear transcripts have their negative-strand messages expressed at a much lower level than their positive-strand counterparts. However, it appears that mitochondria produce roughly equal amounts of negative- and positive-strand transcripts (with the apparent exception of 16s rRNA). Highly abundant tags corresponding to the negative strand of several mitochondrial transcripts were observed in SAGE data ([@B16]), but the difference in abundance between mitochondrial and nuclear anti-sense tags was even larger in Tag-seq experiments versus SAGE.

The differences in levels of anti-sense transcription between nuclear and mitochondrial RNAs might be attributed to the specific composition of the transcriptional machinery, or to differences in chromosomal structure. Biochemical studies are needed to investigate this phenomenon, which has been seen elsewhere, including our own analysis of human Tag-seq data. Studies in malarial plasmodium showed that anti-sense transcripts identified by SAGE were also detectable by other methods in follow-up experiments ([@B27],[@B28]). Indeed, the large number of mitochondrial anti-sense transcripts may be very common. Identification of the factors that influence this expression pattern is beyond the scope of our analysis, but should be done as separate studies.

Tag-seq, like SAGE, generates short oligonucleotide sequences that may be used for analysis of alternatively spliced transcripts ([@B29],[@B30]). Alternative splice variants may have a shared 3′-most CATG, but when the transcript has shorter isoforms there may be different 3′-most tags. Tag-seq enabled detection of ∼50% more species of alternative splice variants than SAGE. Comparing Tag-seq and SAGE data derived from the same RNA preparations (13 pairs of matching libraries), the majority of the analyzed genes had one of their isoforms preferentially expressed. For some genes there was an indication of a shift from one alternatively spliced isoform to another. Analysis of Tag-seq data provided evidence for 62 cases of putative switching in the 13 libraries, whereas SAGE data allowed detection of only 15 such cases.

Replicate libraries prepared from RNA samples of animals grown on plates versus liquid culture allowed us to estimate how strongly the environment contributes to the gene expression profile. Despite the apparent similarity in extended life span between liquid and agar cultures, the gene expression profiles showed substantial differences between these two replicate sets. We analyzed enrichment of GO terms among the genes showing statistically significant changes in expression using Tag-seq data for long-lived *daf-2*(−) adults and normal *daf-2*(+) adults grown either in liquid culture or on agar plates. To prevent contamination of aging adults with their progeny, both the long-lived *daf-2(−)* and the *daf-2(+)* strains carried a mutation in *fer-15* rendering them unable to make sperm at 25°C.

Regardless of growth conditions, transcripts for a large number of genes were reduced in *daf-2*(−) adults. Down-regulated genes belong to the TCA cycle and oxidative phosphorylation pathways, which were previously associated with regulation of lifespan ([@B12],[@B13],[@B15],[@B22],[@B31]). Transcripts involved in the molting cycle, protein ubiquitination, positive regulation of embryonic development and cellular protein catabolism were down-regulated relative to normal adults in long-lived *daf-2*(−) animals grown in liquid, but up-regulated in animals with the same genotype when grown on plates.

Re-visiting our transcript profiling of dauer and adult longevity ([@B13],[@B30]) with Tag-seq data, we analyzed two sets of replicate Tag-seq libraries constructed using RNA samples from animals grown either in liquid culture (the same RNA samples used to generate previously described SAGE libraries) or on agar plates (fresh RNA preparations). There was less similarity between our liquid and solid culture replicates than between replicates for L1 and L1 starved larvae grown in same conditions (compare [Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkq035/DC1) with [Figure 3](#F3){ref-type="fig"}). Based on SAGE data, we suggested that *daf-2(−)* animals may extend their life span by modifying their oxidative phosphorylation so that production of reactive oxygen species in mitochondria was reduced. However, mitochondrial transcripts, strongly up-regulated in liquid culture *daf-2(−)* adults, did not show coordinated up-regulation in animals of the same genotype grown on plates. Therefore, we conclude that if reducing production of reactive oxygen species is a means to extend life span in liquid culture, it is not required for life span extension on plates. It is noteworthy, that the importance of mitochondria-induced oxidative damage in aging has been questioned by several recent studies. Knockout mice with various deleted antioxidant enzymes did not show any significant shortening of lifespan and transgeneic mice overexpressing anti-oxidant enzymes did not display increased longevity ([@B32]). In an analysis more relevant to our case, *C. elegans* mutant worms with deleted *sod* genes did not have shortened lifespan and knockout of *sod-2* even made worms live longer ([@B33]). With these findings taken in account, our observations suggest that changes in expression of the genes involved in oxidative phosphorylation may be unimportant in *daf-2(−)* aging.

The improved sensitivity of Tag-seq allowed us to perform a stringent analysis focused on consistently up- or down-regulated genes in long-lived dauer larvae and *daf-2(−)* adults. For this analysis, we used both liquid and solid culture replicates for *daf-2(−)* adults and three dauer libraries (2-day-old dauer replicates and one 2-week-old dauer library). The resulting very compact lists contained several genes that were previously described as important elements in adult life span control and regulation of dauer formation. Our results also suggested an involvement of some as yet unstudied pathways in aging, since our lists contained several genes with fragmentary or no functional annotation. Tag-seq data may prove to be a useful resource for identifying new pathways for longevity.

Tag-seq produces high-quality data in the same format as SAGE. This is of special interest to those who have already accumulated extensive SAGE data and seek to increase the depth of rare mRNA detection. Tag-seq not only simplifies the SAGE protocol by eliminating the tag concatenation and cloning steps, it also provides much more data at reduced cost ([@B7]). The data are reproducible, as demonstrated by our comparison of library triplicates. Finally, our lists of transcripts showing changes in expression associated with longevity provide an expanded platform to pursue candidate genes and pathways for longevity using genetic and molecular methods.
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